Abbreviations
=============

3MA

:   3-methyladenine

AO

:   acridine orange

BafA1

:   bafilomycin A~1~

CDKN1A/p21

:   cyclin-dependent kinase inhibitor 1A (p21 Cip1)

cP1-4

:   cellular population 1 to 4

CPD

:   cumulative population doubling

DDR

:   DNA damage response

DFM

:   drug-free medium

H2AFX

:   H2A histone family, member X

MAP1LC3A/LC3

:   microtubule-associated protein 1 light chain 3 α

MTOR

:   mechanistic target of rapamycin

MTORC1

:   MTOR complex 1

NA

:   nuclear area

NMA

:   nuclear morphometric analysis

nP1--5

:   nuclear population 1 to 5

PRKAA/AMPKα

:   protein kinase, AMP-activated

RAPA

:   rapamycin

RPTOR/RAPTOR

:   regulatory-associated protein of MTOR, complex 1

SA-β-gal

:   senescence associated β-galactosidase assay

SQSTM1/p62

:   sequestosome 1

TMZ

:   temozolomide

Introduction {#s0001}
============

Macroautophagy (hereafter referred to as autophagy) is a physiological catabolic process that is involved in maintaining the quality of cellular components and energetic homeostasis. Autophagy is directly coordinated by the *ATG* genes and indirectly modulated by several signaling pathways involved in cell metabolism and growth, such as the positive regulators PRKAA/AMPK and nuclear TP53 (TRP53 in mice) and the negative regulators PI3K-AKT and the MAPK pathways. These pathways have, as a common target in autophagy, the MTOR (mechanistic target of rapamycin) protein, which directly controls the initial autophagy steps.[@cit0001]

Autophagy is involved in several processes, such as aging and cancer.[@cit0003] It appears to contribute to controlling the life span of several species, ranging from plants[@cit0004] to mammals;[@cit0005] this is corroborated by the observation that several longevity pathways, such as IGF1 (insulin-like growth factor 1 \[somatomedin C\]), sirtuins and FOXO, modulate autophagy.[@cit0006] In cancer, autophagy is thought to act as a tumor suppressor mechanism during tumor initiation by contributing to the maintenance of genomic integrity and the elimination of procarcinogens.[@cit0009] Accordingly, genetic alterations on autophagic genes, such as *BECN1* and *ATG7*, have been associated with a higher tumor incidence and resistance to therapies;[@cit0009]^,^[@cit0013] several tumor suppressor genes also induce autophagy, such as *PTEN*, *TSC1*/*2,* and *STK11*/*LKB1*.[@cit0014] However, in established solid tumors, autophagy may contribute to tumor adaptation and survival during metabolic stress in addition to favoring cell resistance to therapy.[@cit0015] Autophagy is triggered by several therapeutic interventions, including those that induce the DNA damage response (DDR).[@cit0016] Autophagy also interferes with the fate of cancer cells in 2 ways: by favoring cell survival or by contributing to cell death.[@cit0017] Increasingly, it has been shown that autophagy exerts its effects through the modulation of apoptosis, the cell cycle, and senescence.[@cit0018] Autophagy normally blocks apoptosis,[@cit0020] but the role of autophagy in senescence remains unclear, though these mechanisms are known to play a central role in aging and carcinogenesis.[@cit0021]

Senescence is a state of irreversible cell growth arrest and metabolic activity maintenance. It acts as an endogenous antitumor mechanism by avoiding the proliferation of transformed, pretumor cells.[@cit0023] However, it has been associated with tumor resistance in apoptosis-resistant cancer cells because senescent cells remain metabolically active and can affect the growth of surrounding cells through paracrine signaling.[@cit0026] Senescence can be triggered by cell aging, oncogenic activation or in response to drugs that affect DNA and mitochondria, among other cell components.[@cit0023] Senescence establishment is driven by proteins that control the cell cycle and the stress response, such as the TP53, CDKN1A/p21, CDKN1B/p27, and CDKN2A/INK4/ARF proteins.[@cit0023]^,^ [@cit0030]

The studies that addressed the role of autophagy on senescence *"*did not present an overview of the temporal induction of autophagy and senescence*,"* as recently stated.[@cit0021] To shed light on this issue, we used a model of DNA damage-induced autophagy and senescence by treating glioma cells with the alkylating agent temozolomide (TMZ), which is the main chemotherapeutic agent used in gliomas.[@cit0031] We found that acute DNA damage triggered a transient autophagy, followed by senescence induction. Although autophagy and senescence are strongly correlated at a population level, no direct interdependence was observed in individual cells. Additionally, the inhibition of autophagy triggered apoptosis and reduced senescence.

Results {#s0002}
=======

Acute treatment with TMZ induced long-term senescence {#s0002-0001}
-----------------------------------------------------

U87 glioma cells stably expressing the autophagy marker GFP-LC3 (GFP fused to MAP1LC3A, microtubule-associated protein 1 light chain 3 α) were treated with 100 μM TMZ for 3 h, followed by replating the cells in drug-free medium (DFM) ([**Fig. 1A**](#f0001){ref-type="fig"}). The phosphorylated form of H2AFX at Ser139 (commonly termed γ-H2AFX), an indicator of DDR activation, was transiently increased with a peak at day 3 (D3); this was accompanied by a gradual increase in the phosphorylated form of CDC2 (Tyr15), which inhibits the activity of the CCNB1-CDK1 complex at G~2~/M, and an induction of the CDK inhibitor CDKN1A/p21. This signaling is indicative of the activation of the G~2~/M checkpoint, which is corroborated by the decrease of both HIST1H3A/C histone Ser10 phosphorylation and the CCND1 (cyclin D1) levels ([**Fig. 1B**](#f0001){ref-type="fig"}). As expected, TMZ produced an accumulation of cells at G~2~/M, peaking on D3; this was followed by a gradual increase in the hyperdiploid and multinucleated cells ([**Fig. 1C**](#f0001){ref-type="fig"}). The cumulative population doubling (CPD) indicated that the acute TMZ treatment led to a stabilization of the cell number, suggesting permanent cell growth arrest ([**Fig. 1D**](#f0001){ref-type="fig"}). The CPD profile suggested the beginning of senescence, which was corroborated by an increase in the percentage of cells positively marked with the senescence-associated β-galactosidase (SA-β-Gal^+^ cells) ([**Fig. 1 E**](#f0001){ref-type="fig"}) and an increase in the percentage of cells with large and regular nuclei, a morphological feature of senescent cells (**Fig. S1A**); as observed through the nuclear morphometric analysis (NMA) technique.[@cit0034] Interestingly, when NMA was analyzed as a contour plot, it was possible to observe a dynamic distribution of the nuclei over time in 3 well-defined regions, as described in the legend of [**Fig. 1**](#f0001){ref-type="fig"}. The nuclear area (NA) from the TMZ-treated cells progressed from NA1 to NA3, which is characteristic of senescent cells, through the intermediary state, NA2. On D7, only a few cells remained that had a nuclear area of nonsenescent cells (NA1) or that were in the intermediary region NA2 ([**Fig. 1F**](#f0001){ref-type="fig"} and **Fig. S1B**). Figure 1.Acute treatment with TMZ induces cell cycle arrest and senescence in glioma cells. (**A**) The U87 cells stably expressing GFP-LC3 were treated with 100 μM TMZ for 3 h, followed by growth in the drug-free medium (DFM) for the indicated time. Time zero (D0) represents 3 h after treatment. (**B**) The Western blot for the indicated proteins on D3, D5, and D7 after DFM replating; LC, loading control, *Coomassie blue* stained membrane. (**C**) The cell cycle distribution. *Top*, representative plots; *bottom left*, quantification of the percentage of sub-G~1~, G~1~, S, G~2~/M and hyperdiploid cells; *bottom right*, percentage of multinucleated cells, assessed by the direct counting of cells with 2 or more nuclei with a normal area on D7. (**D**) Cumulative population doubling (CPD) of the cells treated as in (**A**). (**E**) Representative images of the SA-β-gal staining; the numbers represent the quantification of the percentage of β-gal-positive cells (mean ± SEM); scale bar = 80 μm. (**F**) The NMA contour plot of the TMZ-treated cells over time. The nuclear areas (NA) were defined based on the average of the normal nuclei, and the thresholds were determined by the mean area ± 2 SD (NA1), 2 SD to 4 SD from the mean (NA2) and more than 4 SD from the mean (NA3). NII represents the index of nuclear irregularity, as a measurement of nuclear morphometric alterations that occur over time. The values on the heat map legends represent the number of cells. \**P* \< 0.05; \*\**P* \< 0.01, \*\*\**P* \< 0.001 in relation to the control.

Acute TMZ treatment triggers early PRKAA/AMPK-ULK1 and MAPK14/p38 activation, persistent AKT-PI3K-MTOR suppression and transient autophagy {#s0002-0002}
------------------------------------------------------------------------------------------------------------------------------------------

The acute TMZ treatment induced an increase in p-PRKAA/AMPKa (Thr172) on D3, accompanied by an increase of 2 PRKAA targets:[@cit0035] p-ULK1 (Ser555), a member of the initial complex of autophagy promotion (ULK1-RB1CC1/FIP200-ATG13), and p-RPTOR (Ser792), which disrupts the formation of the complex 1 of MTOR (MTORC1) when phosphorylated, leading to autophagy induction.[@cit0036] Accordingly, MTOR activity, as indicated by p-RPS6KB1/p70S6K1 (Ser389), p-MTOR (Ser2448), p-EIF4EBP1/EIF4EPB1 (Thr37/46), p-AKT (Ser473) and p-GSK3B (Ser9), was gradually reduced, remaining low on D7. MAPK14/p38, an important sensor of cell damage (including genomic injury), had increased levels of phosphorylation on D3 and D5 ([**Fig. 2A**](#f0002){ref-type="fig"}). It is important to note that the phosphorylation of MAPK14, PRKAA, and ULK1 follows kinetics that resemble the primary DNA damage that was produced ([**Fig. 1B**](#f0001){ref-type="fig"}), whereas the remaining proteins had slower and longer lasting post-translational modifications. These data are supportive of proautophagic signaling after DNA damage, involving the activation of the PRKAA-ULK1 axis and the suppression of the AKT-MTORC1 pathway. Figure 2.Acute treatment with TMZ induces autophagy accompanied by early AMPK-ULK1 axis activation and long lasting AKT-PI3K-MTOR suppression. (**A**) The U87 cells were treated as described in [**Figure 1A**](#f0001){ref-type="fig"}, and western blots for the indicated proteins and phosphoproteins were performed; LC, loading control, *comassie blue* stained membrane. (**B**) The GFP-LC3 dot formation assay; the numbers depict the percentage of cells with at least 5 GFP-LC3 dots (mean ± SEM); \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001; scale bar = 20 μm. (**C**) Acridine orange (AO) staining: the graph shows the percentage of AO-positive cells *versus* the AO intensity of the positive population in relation to the control over time (to see the data of AO intensity and the percentage of cells in a separate manner, see **Fig. S1C** and **S1D**). (**D**) Western blots for SQSTM1 and LC3-I/LC3-II. LC, loading control, *comassie blue* stained membrane. (**E**) The ATP levels of the cells treated with TMZ as in [**Figure 1A**](#f0001){ref-type="fig"}; \**P* \< 0.05 and \*\**P* \< 0.01 in relation to the control, which was considered 100%.

Indeed, TMZ led to an increase in the proportion of GFP-LC3^+^ cells ([**Fig. 2B**](#f0002){ref-type="fig"}). The proportion of acridine orange (AO)-positive cells increased until D4, followed by a sudden increase in the mean level of AO staining with a concomitant reduction in the proportion of AO+ cells ([**Fig. 2C**](#f0002){ref-type="fig"}, **Fig. S1C** and **D**). Autophagy induction was also confirmed by western blot for the LC3-I to LC3-II conversion and the levels of the SQSTM1/p62 protein, which is degraded during autophagy ([**Fig. 2D**](#f0002){ref-type="fig"}). These data confirm that acute DNA damage triggers autophagy, peaking on approximately D3 and D4 followed by a gradual reduction. Despite the high levels of autophagy, a reduction of the intracellular ATP levels was observed after the TMZ treatment ([**Fig. 2E**](#f0002){ref-type="fig"}).

The connection between autophagy and senescence is highly heterogeneous at the individual cell level {#s0002-0003}
----------------------------------------------------------------------------------------------------

When 2 well-defined mechanisms are induced in a population of heterogeneous cells, it begs the question whether what is observed for a population is an average of a heterogeneous response or the depiction of a homogeneous effect. An analysis of the GFP-LC3 area in relation to the nuclear area showed a population transition from an initial state with neither autophagy nor senescence markers (nuclear population 1 - nP1), passing through a state of high autophagy (nP2 and nP3) and a nuclear area in the NA2 region, and finally reaching a state of low autophagy and intermediary (nP4) or large (nP5) nuclei on D7 ([**Fig. 3A**](#f0003){ref-type="fig"}). Similar dynamics were observed for the area of the cell, except for a delay of 1 to 2 d that was required for the cell area to pass from an intermediary region (cP3) to the region corresponding to the state of the largest cell area (cP4) ([**Fig. 3A**](#f0003){ref-type="fig"}). Figure 3.The single-cell analysis of the GFP-LC3, nuclear, and cell areas after TMZ treatment. (**A**) Contour plots of the cell and nuclear areas in relation to the GFP-LC3 area after treatment as described in [**Figure 1A**](#f0001){ref-type="fig"}. The circles mark the populations based on regions with high density that emerged from the plots of nuclear area (nP, *top*) and cell area (cP, *bottom*) in relation to GFP-LC3; the dashed lines mark the thresholds of NA1, NA2, and NA3, as indicated in [**Figure 1F**](#f0001){ref-type="fig"}. The values on the heat-map legends represent the number of cells for each color. (**B**) Summary of autophagy and the senescence marker after TMZ treatment. The single cells were photographed every 12 h from D3 to D4.5. (**C**) Single cell tracks for groups of cells that presented similar GFP-LC3 and cell area on D3 (first graph), 3.5 (second graph), 4 (third graph) and 4.5 (fourth graph), based on the cell area and the GFP-LC3 area. Each colored line in each graph represents a single cell track. The days of analysis are coded by colored circles (red: Day 3; orange: D 3.5; blue: D 4; green: D 4.5). The cells with similar characteristics in each day are surrounded by an ellipse with a dotted line. (**D**) The vectors of the GFP-LC3 area versus the nuclear (top) or cell (bottom) areas, considering the initial value as 1 for each interval (red circle); the numbers represent the percentage of cells in each quadrant at the end of the interval.

When the proportion of cells with a given phenotype is analyzed, a critical period can be observed between D3 and D4.5 in which autophagy reaches its maximum levels accompanied by the beginning of senescence; this can be observed from the CPD and β-Gal staining ([**Fig. 3B**](#f0003){ref-type="fig"}). To evaluate how individual cells go through this transition, we measured autophagy and senescence markers by tracking individual cells from D3 to D4.5. In the control cells, LC3, the cell and nuclear areas remained virtually constant (see examples in [**Fig. 4C**](#f0004){ref-type="fig"}). However, the TMZ-treated cells underwent a very heterogeneous response, which can be observed in the path shown in a cell area versus GFP-LC3 area graph ([**Fig. 3C**](#f0003){ref-type="fig"}). We found some cells that had very similar positions in the LC3 vs. cell area graph on D3 but reached very different positions by D4.5 ([**Fig. 3C**](#f0003){ref-type="fig"}); some cells passed through a position in the graph with similar GFP-LC3 and cell areas but were coming from and going to very different positions in this graph ([**Fig. 3C**](#f0003){ref-type="fig"}); and some cells reached a similar position even though they started at different points and went along very different paths ([**Fig. 3C**](#f0003){ref-type="fig"}). A similar heterogeneous response was observed for the nuclear area (**Fig. S2A--D**). Figure 4.Autophagy decreases after, before, or concomitant to the acquisition of the senescent phenotype in single cells. (**A**) LC3 and SA-β-gal staining in relation to the nuclear area on D3 (*left­*); in red, average ± SEM; \**P* \< 0.05 and \*\**P* \< 0.01. The letters in the graph (A to G) correspond to the representative examples of the SA-β-gal and LC3 double-positive cells shown on the *right*; scale bar = 20 μm. The number of events shown does not represent the ratio of each population of cells. (**B**) GFP-LC3 reduction before (*left*), after (*mid*) or concomitant with (*right*) cell enlargement. *Top*, the red dots in the GFP-LC3 images correspond to the GFP-LC3 dots as they were marked in the Image Pro Plus software. The numbers in the images represent the mean ± SEM of the GFP-LC3 area (green) and the cell area ×10^3^ (white). Statistics represent the first significant reduction of GFP-LC3 area and increase of cell area in comparison to the areas in the previous time point (\**P* \< 0.05 and \*\**P* \< 0.01). Scale bar = 20 μm. *Bottom* --representative GFP-LC3 (LC3) and cell area (CA) profiles of single cells of the 3 groups. To define these profiles, we measure the intervals in which each cell underwent the highest alteration in LC3 and cell areas. These intervals are shown in the representative graphs as blue arrows. The data are shown in relation to the D3 value, considered as 1. The inserts in the boxes denote the percentage of cells in each profile. (**C**) Representative images (left) and graphs (right) of the control cells assessed at the single cell level on d 3 to 4.5. The data are shown in relation to the control, which was considered as 1 on D3.

To try to make sense of this very heterogeneous response, we plotted the vectors of all the cells over the intervals of the analysis in relation to the initial value (considered as 1). The high degree of heterogeneity concerning the nuclear and cell areas in relation to GFP-LC3 became evident during the intervals from D3 to D3.5 and D3.5 to D4 ([**Fig. 3D**](#f0003){ref-type="fig"}, left and middle graphs). However, from D4 to D4.5, a clear reduction in the level of autophagy occurred in more than 90% of the cells, resulting in a very low GFP-LC3 area ([**Fig. 3D**](#f0003){ref-type="fig"}, right graph). Importantly, the non-normalized data indicated that this reduction in GFP-LC3 occurred independently of the cell and nuclear areas (**Fig. S2E**), suggesting an orchestrated mechanism of autophagy that ended after the DNA damage, independent of the area of the cell or nucleus and, likely, of the process of senescence induction. As expected, 85% of the control cells did not trigger autophagy; there was no significant increase in the cell area or the nuclear area (**Fig. S2F**).

Population vs. single cells analysis of autophagy and senescence {#s0002-0004}
----------------------------------------------------------------

Despite this heterogeneous response in individual cells, at a population level, a significantly larger nuclear area was observed in the few cells that were already βgal-+ on D3 in relation to the βgal^−^ cells. Interestingly, the GFP-LC3 status was inversely correlated with the nuclear area in the βgal^+^ cells but not in the βgal^−^ cells, with the LC3**^−^** cells being significantly larger than the LC3^+^ cells in the former ([**Fig. 4A**](#f0004){ref-type="fig"}). This was also observed after treatment with another DNA damaging agent, Doxorubicin, at a concentration of 100 nM for 24 h followed by 7 d in DFM (**Fig. S3A**). This effect, along with the reduction in autophagy that was observed in the majority of the cells, raised the question of whether autophagy reduction precedes senescence entry.[@cit0021] To answer this, we measured the interval in which the GFP-LC3 area undergoes the largest alteration for each cell, and, in parallel, the interval in which each cell undergoes the largest increase in area between D3 and D4.5. Roughly one-third of the cases fell into each of the 3 possibilities, i.e., autophagy reduction before, concomitant with or after the largest increase in cell area ([**Fig. 4B**](#f0004){ref-type="fig"}). As mentioned above, the control cells barely altered their phenotype over time ([**Fig. 4C**](#f0004){ref-type="fig"}).

After D7 in DFM, the distribution of the LC3^+^ and LC3^−^ cells was more uniform in the βgal^−^ cells compared to the βgal^+^ cells, suggesting that the progression to senescence eventually includes the reduction of LC3, which is less likely to occur in cells that also received the initial proautophagic damage but did not progress toward senescence ([**Fig. 5A, B**](#f0005){ref-type="fig"} and **Fig. S3B**). Of the cells that were still LC3^+^ on D7, approximately 66% had a normal nuclear area (NA1), and the proportion of LC3^+^ cells gradually decreased from the NA1 to NA3 population ([**Fig. 5A**](#f0005){ref-type="fig"}, black bars on the right). Figure 5.The autophagy and senescence markers are highly correlated at the population level but not at the individual cell level. (**A**) The distribution of the GFP-LC3^+^ cells according to the nuclear area on D7. The red circle marks the normal nuclear area. NA1, NA2, and NA3 are shown as the dashed lines. On the right is shown the proportion of the GFP-LC3^+^ cells in relation to the total cells in each nuclear area (NA) region. (**B**) Profile of the GFP-LC3 and SA-β-gal staining (positive and negative) on D7. (**C**) Correlations between the variations of the cell and nuclear areas and the total LC3 area for all single cells from D3 to D4.5. (**F**) Bottom: average of the correlations for the single cells and the correlations of the average of the population of cells from D3 to D4.5 and from D3 to D7.

Altogether, this indicates that when analyzed at a population level, autophagy markers increased with faster and transient kinetics ([**Fig. 2B--D**](#f0002){ref-type="fig"}; [**Fig. 3B**](#f0003){ref-type="fig"}), while senescence markers increased with slower and sustained kinetics ([**Fig. 1A, C, D** and **F**](#f0001){ref-type="fig"}; [**Fig. 3B**](#f0003){ref-type="fig"}). Autophagy decreased before senescence became dominant in the population, which was observed through the inverse correlation between the variation of the cell or nuclear areas and the variation of the LC3 area from D3 to D4.5 in the population. This inverse correlation was also high when considering data from D3 to D7 ([**Fig. 5D**](#f0005){ref-type="fig"}, bottom line; **Fig. S3C**). However, for individual cells, we found a highly heterogeneous response regarding the correlation between the variation of the LC3 area and the variation of the cell area ([**Fig. 5C**](#f0005){ref-type="fig"}, first column) or the nuclear area ([**Fig. 5C**](#f0005){ref-type="fig"}, middle column). As a consequence, the average of the single cell correlation values did not indicate a positive or negative correlation ([**Fig. 5D**](#f0005){ref-type="fig"}, right). These data corroborate the high heterogeneity of the response observed at the single cell level during the critical period from the high autophagy and low phenotypic features of senescence (D 3) to the condition of low autophagy with the appearance of senescence markers (D 5 onwards). Thus, our data show that the reduction in autophagy does not have to precede an increase in the cell or nuclear areas in a single cell, and that the acquisition of senescent phenotype is not necessary for autophagy reduction, though this was the predominant event in the population.

Inhibition of TMZ-induced autophagy triggers apoptosis and reduces senescence {#s0002-0005}
-----------------------------------------------------------------------------

The inhibition of autophagy with bafilomycin A~1~ (BafA1) on D3 for 24 h reduced the TMZ-induced autophagy only during its presence (i.e., from D3 to D4), followed by a rebound in both the percentage and intensity of the AO staining to levels even higher than those induced by the TMZ alone ([**Fig. 6A**](#f0006){ref-type="fig"}, left; **Fig. S4A, B**). This effect may be due to the accumulation of autophagosomes because BafA1 suppresses the fusion between autophagosomes and lysosomes through the blockage of lysosome acidification.[@cit0038] However, 3-methyladenine (3MA) reduced the AO staining ([**Fig. 6A**](#f0006){ref-type="fig"}, right; **Fig. S5A, B**) in addition to reducing GFP-LC3 dot formation ([**Fig. 6B**](#f0006){ref-type="fig"}). Furthermore, the autophagy inhibition with 3MA induced apoptosis, which was indicated by cell shrinkage ([**Fig. 6B**](#f0006){ref-type="fig"} and **Fig. S4C**), CASP3/caspase 3 cleavage ([**Fig. 6C**](#f0006){ref-type="fig"}) and an increase in small and regular nuclei ([**Fig. 6D**](#f0006){ref-type="fig"}), a typical feature of apoptotic cells.[@cit0034] Interestingly, though it also reduced autophagy, the BafA1 treatment did not lead to apoptosis. Figure 6 (See previous page).Inhibition of TMZ-induced autophagy triggers apoptosis and reduces senescence in glioma cells. (**A**) *Top*, experimental design. Here, 100 nM bafilomycin A~1~ (BafA1) was added on D3 for 24 h, and 2 mM 3-methyladenine (3MA) was added for 1 h on d 3, 4 or 5. *Left graph*, AO graph for BafA1. *Right graph*, AO graph for 3MA. The data are presented as the percentage of AO-positive cells *vs.* AO intensity. (**B**) Representative images of the cells after 3 h, 24 h, and 48 h of 3MA treatment; for the 48 h after 3MA treatment image, 2 representative images are shown to illustrate the apoptotic cells (white arrowhead); \#\#*P* \< 0.01 in relation to TMZ alone on D3; \#*P* \< 0.05 in relation to TMZ alone on D5 (see [**Fig. 2A**](#f0002){ref-type="fig"}); scale bar = 40 μm. (**C**) The Western blot for CASP3. (**D**) The NMA contour plot on D7; NA1, NA2 and NA3 correspond to regions 1, 2, and 3, respectively; SR: small and regular (*i.e.,* apoptotic) nuclei. (**E**) Representative images of the SA-β-gal staining on D7; the numbers denote the percentage of βgal-positive cells; scale bar = 100 μm. \#*P* \< 0.05 and \#\#*P* \< 0.01 in relation to TMZ alone. (**F**) The percentage of βgal-positive cells. \#*P* \< 0.05 and \#\#*P* \< 0.01 in relation to TMZ. (**G**) CPD of the cells treated as in (**A**). \#*P* \< 0.05 in relation to TMZ.

On D3, some nuclei of the TMZ-treated cells were already in the NA2 and NA3 regions, but by D7, almost all the nuclei were in the NA3 population ([**Fig. 1D**](#f0001){ref-type="fig"}). The inhibition of autophagy with either BafA1 or 3MA kept the nuclei in the NA1 and NA2 populations ([**Fig. 6D**](#f0006){ref-type="fig"}), in agreement with the reduction in the proportion of βGal^+^ cells ([**Fig. 6E and F**](#f0006){ref-type="fig"}). Finally, the treatment with 3MA reduced the number of cells from D3 onwards, likely due to the induction of apoptosis, which was not observed after the BafA1 treatment ([**Fig. 6G**](#f0006){ref-type="fig"}).

Rapamycin increased TMZ-induced senescence {#s0002-0006}
------------------------------------------

Treatment with the MTOR inhibitor rapamycin (RAPA) on D5 ([**Fig. 7A**](#f0007){ref-type="fig"}) led to a large increase in GFP-LC3 dot formation ([**Fig. 7B**](#f0007){ref-type="fig"}) and AO staining ([**Fig. 7C**](#f0007){ref-type="fig"} and **Fig. S5A, B**) in comparison to the TMZ treatment alone. This acute increment of autophagy from D5 to D6 led to an increase in the percentage of βgal^+^ cells on D7 in comparison to TMZ alone ([**Fig. 7D**](#f0007){ref-type="fig"}) and a reduction in the number of cells ([**Fig. 7E**](#f0007){ref-type="fig"}). Furthermore, while we observed some mitotic figures on D7 in the TMZ-treated cells, we did not observe these phenotypes in the TMZ+RAPA-treated cells ([**Fig. 7E**](#f0007){ref-type="fig"}, insert). Figure 7.Rapamycin increases TMZ-induced senescence. (**A**) The cells were treated with 100 nM rapamycin (RAPA) on D5 for 24 h. (**B**) Representative images and quantification of GFP-LC3 on D6, 24 h after the RAPA treatment on D5; \**P* \< 0.05 and \*\**P* \< 0.01 in relation to the control; \#\# *P* \< 0.05 in relation to TMZ alone. Scale bar = 40 μm. (**C**) AO graphs; the data are presented as the percentage of AO-positive cells *versus* AO intensity. (**D**) SA-β-gal staining on D7 after the treatment as shown in (**A**); detail of the TMZ image pointing to a mitotic figure (white arrow), which was not observed in the TMZ+RAPA treatment; \*\**P* \< 0.01 in relation to TMZ alone; scale bar = 60 μm. (**E**) CPD after treatment as in (**A**). (**F**) The cells were pretreated with 100 nM RAPA 24 h before TMZ. (**G**) The percentage of GFP-LC3-positive cells; \#*P* \< 0.05 comparing TMZ to TMZ+RAPA. (**H**) AO graphs. (**I**) The percentage of β-gal-positive cells; \**P* \< 0.05 and \*\**P* \< 0.01 in relation to TMZ alone. (**J**) CPD and western blot for the CDKN1A/p21 protein after treatment as in (**F**). LC, loading control, *Coomassie blue* stained membrane. \#*P* \< 0.05 in relation to TMZ alone.

Accordingly, the RAPA treatment 24 h before the TMZ treatment ([**Fig. 7F**](#f0007){ref-type="fig"}) anticipated the peak of the TMZ-induced autophagy, which was measured with GFP-LC3 ([**Fig. 7G**](#f0007){ref-type="fig"} and **Fig. S5C**) and AO ([**Fig. 7H**](#f0007){ref-type="fig"} and **Fig. S5D, E**). The RAPA pretreatment accelerated the TMZ-induced senescence entry, as shown by the βgal staining ([**Fig. 7I**](#f0007){ref-type="fig"}), the CPD analysis and the CDKN1A levels ([**Fig. 7J**](#f0007){ref-type="fig"}). It is interesting to note that RAPA alone, despite inducing a higher initial proautophagic effect than TMZ ([**Fig. 7G**](#f0007){ref-type="fig"}, **H** and **Fig. S5C--E**), did not induce a sustained autophagy or senescence response.

Inhibiting and activating autophagy at different times as a form of increasing the efficacy of TMZ {#s0002-0007}
--------------------------------------------------------------------------------------------------

The cells with nuclei in the NA2 region on D3 ([**Fig. 1F**](#f0001){ref-type="fig"}) responded differently according to their autophagic status: high LC3 cells increased their average nuclear area from D3 to D4.5, whereas low LC3 cells maintained the same area or decreased their nuclear area, i.e., underwent apoptosis ([**Fig. 8A**](#f0008){ref-type="fig"}). Therefore, we wondered whether activating and blocking autophagy at different times could potentiate the effects of TMZ by increasing senescence and inducing apoptosis. Indeed, the RAPA pretreatment followed by the TMZ treatment and the addition of 3MA on D3, D4, and D5 led to a further reduction in the number of cells in comparison to the treatments individually ([**Fig. 8B**](#f0008){ref-type="fig"}). Figure 8.Autophagy activation followed by its inhibition highly increases the toxicity of TMZ *in vitro*. (**A**) Single cell tracks of the nuclear area alterations in the cells with their nuclear areas in the NA2 region separated by both a low (left) and high GFP-LC3 area (right). (**B**) *Top* - the cells were pretreated with 100 nM RAPA for 24 h followed by treatment with 100 mM TMZ for 3 h; 3MA (2 mM) was added for 1 h on d 3, 4, and 5, followed by CPD (*bottom*). \#\#\#*P* \< 0.001 in relation to TMZ alone, £*P* \< 0.05 in relation to TMZ + RAPA and §§§ *P* \< 0.001 in relation to TMZ + 3MA. (**C**) Overview of the cellular and molecular effects triggered by TMZ in glioma cells. The sites of phosphorylation are shown as red circles. The dashed line indicates molecular links that may not occur directly or are not yet well established. The broken line from AKT to CDKN1A/p21 indicates a multistep mechanism.

Discussion {#s0003}
==========

In this study we found that (i) acute DNA damage leads to PRKAA/AMPK-ULK1 and MAPK14 activation and sustained downregulation of the AKT-PI3K-MTOR pathway, leading to a transient activation of autophagy ([**Fig. 8C**](#f0008){ref-type="fig"}); (ii) at a population level, autophagy is highly negatively correlated with senescence markers, while in single cells this correlation does not exist ([**Fig. 4F**](#f0004){ref-type="fig"}); and (iii) boosting senescence by inhibiting MTOR prior to DNA damage, together with later inducing apoptosis by inhibiting autophagy, may be a good strategy to reduce the number of cancer cells.

The dynamics of autophagy induction resembled the kinetics of DDR and the activation of the PRKAA/AMPK-ULK1 and MAPK14/p38 pathways, while the orchestrated reduction of autophagy on D4 occurred despite the sustained MTOR inhibition. Support for our suggested mechanism can be observed in work by Singh et al. who demonstrate that DNA damage activates the H2AFX/H2AX-ATM pathway, followed by AMPK-ULK1 activation and autophagy in epithelial cells.[@cit0039] Indeed, after TMZ treatment, DNA damage proteins[@cit0031] and DNA repair proteins[@cit0040] may signal the activation of the AMPK-ULK1 axis, which can trigger autophagy both directly through the activation of PIK3C3/VPS34[@cit0042] and indirectly by inhibiting MTORC1 through the phosphorylation of raptor.[@cit0036] Additionally, we found that the AKT-PI3K pathway becomes chronically suppressed, which can contribute to long-lasting MTOR inhibition and late senescence.[@cit0043] Thus, it is plausible to assume that RAPA sensitizes cells to both TMZ-induced autophagy and senescence due to the anticipation of MTOR inhibition, as was observed in skin cancer cells that are exposed to UV radiation[@cit0044] and in radiotherapy-treated breast cancer cells.[@cit0045] Notwithstanding, RAPA has been shown to modulate senescence, but the role of autophagy in this effect was not determined.[@cit0046] Therefore, it is not possible to assume that the effect of RAPA is solely through modulation of autophagy.

Malignant gliomas undergo approximately 80% of the oxidative phosphorylation when compared to normal tissues;[@cit0048] therefore, a significant reduction in mitochondria through mitophagy could reduce ATP production, despite the proenergetic effects of autophagy. Others have found increases in ATP production after TMZ treatment in glioma,[@cit0049] but this has been conducted in a cell line (U251) negative for TP53, whereas U87 is positive for TP53. We hypothesize that TP53 is important in linking DNA damage to mitophagy[@cit0041] and that in TP53-deficient cells the proenergetic effect of autophagy is not counterbalanced by mitophagy, contrary to the effect in U87. Preliminary data suggest a reduction in total mitochondria after 5 d of the TMZ treatment in U87 cells, supporting this hypothesis.

Population data has shown that the early activation of autophagy, followed by its decrease, is accompanied by a concomitant increase of senescence, in agreement with other models of autophagy and senescence induction.[@cit0051] In single cells, however, autophagy can decrease before, after or concomitant with cell enlargement. This suggests that autophagy and senescence are not related in a way that the former has to be activated and terminated before the latter can be induced. Additionally, the LC3, nuclear or cellular area status at a given time were not indicative of the previous state or of the outcome regarding autophagy or senescence markers. Because autophagy presents a concerted reduction independent of the cell or nuclear areas on D4, it is plausible to conclude that the kinetics of senescence induction is heterogeneous and unaffected by autophagy kinetics and vice versa. Indeed, autophagy and senescence are triggered in parallel after various stimuli but with different kinetics in the population,[@cit0052] thus giving the impression of causality that was not observed at the single cell level, as previously hypothesized.[@cit0021] Taken together, these data suggest that cells do not need to fully deprive themselves from "autophagocytic" components to then achieve the senescent phenotype and that the machineries responsible for autophagy and senescence can coexist in the cell treated with DNA damage agents.

In support of autophagy not being necessary for senescence induction, senescence occurs at high levels, even after autophagy inhibition in models using RNAi for ATG proteins.[@cit0021]^,^[@cit0054] Indeed, the silencing of *Atg5* and *Atg7* only attenuates senescence that is induced by H~2~O~2~ in fibroblasts [@cit0055] and fails to block senescence that is induced by adriamycin in breast cancer cells,[@cit0054] though it highly suppresses autophagy induction. The reduction in the markers of senescence when autophagy is inhibited at the initial and final steps suggests that autophagy may play an important role in supporting the full development of the senescence phenotype, likely by providing ATP to the cell, as indicated in studies with TMZ in gliomas.[@cit0049] Additionally, autophagy inhibition reduces the percentage of senescent cells because it targets autophagic cells to undergo apoptosis, as observed in other studies.[@cit0039]

In several models, autophagy is part of the machinery that generates an adaptive context during cell stress by preventing cells from undergoing apoptosis. In this context, autophagy is permissive for senescence entry, which is the terminal response[@cit0056] of those cells that resisted apoptosis.[@cit0057] Breast cancer cells exposed to radiation-induced DNA damage trigger autophagy and senescence, and suppression of autophagy increases apoptosis in an amount that is similar to the reduction in senescence. Similar to our results, the combination of radiation+3MA is more cytotoxic than the combination of radiation+BafA1,[@cit0058] supporting the proapoptotic effect of early autophagy inhibition with 3MA.

Therefore, the inhibition of autophagy may improve the therapeutic efficiency of DNA damage agents, reducing tumor resistance.[@cit0059] Indeed, targeting autophagy in the therapy of aggressive tumors has provided promising results,[@cit0015] including some clinical trials that have combined classical chemotherapeutics with autophagy activators[@cit0061] and inhibitors.[@cit0063] Furthermore, the percentage of cells that remained autophagic on D7 (8%), from which more than 90% were on the NA1 or NA2 area, was closely related to the percentage of cells that retained a clonogenic capacity after the TMZ treatment, as we previously reported.[@cit0033]

In fact, the study of different protocols of cancer treatment with autophagy modulation may give important insights regarding the role of autophagy in the long term response of cancer cells to cytotoxic agents, which can predict clinical responses.[@cit0065] In this sense, the careful scheduling of chemotherapeutic agents and autophagy modulators may potentiate their effects.

Materials and Methods {#s0004}
=====================

Cell culture and treatments {#s0004-0001}
---------------------------

The human GBM cell line U87 stably expressing the autophagic marker GFP-LC3 was kindly provided by Carlos F. M. Menck (University of São Paulo, Brazil). The cells were cultured in low glucose DMEM (11855) that was supplemented with 10% fetal bovine serum (10082147), 1% penicillin/streptomycin and 0.1% amphotericin B at 37°C and 5 % CO~2~ in a humidified incubator; the culture materials (including trypsin, 25200) were obtained from Gibco Laboratories. Temozolomide (T2577), 3-methyladenine (M9281), bafilomycin A~1~ (B1793), rapamycin (R0395), and acridine orange (A6014) were purchased from Sigma-Aldrich. The drug vehicle DMSO never exceeded 0.5% (v/v).

Images acquisition and processing {#s0004-0002}
---------------------------------

We used a Zeiss Axiovert 200 inverted fluorescence microscope equipped with an Axiocam MRc camera (Carl Zeiss, Jena, Germany). The images were acquired using AxioVision Rel 4.8 Software, at 25ºC. Depending on the experiment, the cells were photographed in either low glucose DMEM (single cell experiments and GFP-LC3 images during the experiment) or in 1x phosphate-buffered saline (1x PBS; Gibco, 10010031) (SA-b-gal assay, DAPI and GFP-LC3 at the endpoint of the experiment). The following fluorochromes used were: acridine orange, GFP-LC3 and DAPI. No processing was performed on the images after acquisition.

Cumulative population doubling {#s0004-0003}
------------------------------

For the CPD, the cells were treated with 100 μM TMZ for 3 h, followed by 2 washes and replating of the cells in drug-free medium. After 3, 5, and 7 d in DFM, the cell number was determined, and the CPD was calculated as previously described [@cit0066] using the equation PD = \[log *N*(*t*)-log*N*(*t*o)\]/log 2, where *N*(*t*) is the number of cells per well at the time of the count, and *N*(*t*o) is the initial number of cells. The sum of the PDs was then plotted versus the time of the culture.

GFP-LC3 assay {#s0004-0004}
-------------

The U87 cells were transduced using lentivirus with EGFP-LC3, which localizes at the autophagosome after processing.[@cit0067] The percentage of cells with at least 5 clear green dots in the cytosol was determined for at least 100 green cells per treatment.[@cit0068] We also measured the GFP-LC3 area using Image Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA). These data were plotted with both the nuclear area and the cell area on a contour plot graph using SigmaPlot software (Systat Software, Inc., San Jose, CA USA).

Acridine orange assay {#s0004-0005}
---------------------

AO is a marker of acidic vacuolar organelles that fluoresce green in the whole cell but red in acidic compartments (mainly in late autophagosomes/autolysosomes). On the indicated days, the cells were harvested and incubated with 2.7 μM AO for 15 min at room temperature. To quantify the percentage of AO-positive cells and the intensity of the red fluorescence, the AO-stained cells were analyzed in a GUAVA EasyCyte flow cytometer (Guava Technologies, Hayward, CA). The AO data were presented as a plot of the percentage of AO-positive cells *vs.* the red intensity graph to better illustrate the effect of the treatments over time; this plot primarily differentiates between effects that induces the AO-negative cells to become positive (based on a given threshold) from the levels of AO formation.

Western blot {#s0004-0006}
------------

The protein expression and phosphorylation analysis was performed as described,[@cit0066] with minor modifications. The primary antibodies used were all purchased from Cell Signaling Technology: SQSTM1/p62 (5114), LC3 (12741), pULK1 (S555; 5869), pRPTOR/RPTOR (Ser792) (2083), p-PRKAA/AMPKɑ (Thr172; 2535), pAKT (Ser473; 4058), p-MTOR (Ser2448; 2971), pRPS6KB1/p70S6K1 (Thr389, Ser371; 9234, 9208), p-EIF4EBP1 (Thr37/Thr46; 2855), pGSK3B (Ser9; 9327), γ-H2AFX/H2AX (Ser139; 9718), pCDC2 (Tyr15; 4539), CCND1/Cyclin D1 (2926), HIST1H3A/C (Ser10; 9701), CDKN1A/p21 (2947), and p-MAPK14/p38 (Thr180/Tyr182; 4511).

Senescence-associated β-galactosidase (SA-β-gal) assay {#s0004-0007}
------------------------------------------------------

The cells were treated, washed twice with PBS, and replated at a density of 2 × 10^4^ cells/well in a 12-well plate. At the indicated time, the cells were tested for senescence.[@cit0070] Briefly, the cells were washed with ice cold 1x PBS, fixed with 2% paraformaldehyde for 30 min at room temperature and incubated with a fresh SA-β-gal staining solution \[1 mg/mL X-gal (Sigma, B4252), 40 mM citric acid/sodium phosphate (pH 6.0), 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl~2~\] for 8 h at 37°C. After, the cell nuclei were stained with 300 nM DAPI for 30 min in the dark. The results are presented as a ratio of the SA-β-gal-positive cells (β-gal^+^) to the total cells for at least 100 cells per treatment per experiment.

Nuclear morphometric assay (NMA) and contour plot for NMA {#s0004-0008}
---------------------------------------------------------

The nuclear morphometry was analyzed using a tool developed by our group.[@cit0034] Briefly, the cells were treated with TMZ, fixed with 2% paraformaldehyde (v/v in PBS) for 30 min at room temperature and marked with 300 nM DAPI for 30 min at room temperature, followed by quantification of the DAPI-stained nuclei using the Image Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA) or the ImageJ plugin, which is available at [www.ufrgs.br/labsinal/nma](http://www.ufrgs.br/labsinal/nma). The data are presented as a plot of area versus nuclear irregularity index (NII). Here, we also present a new, alternative presentation of the NMA data depicted as a contour plot graph using SigmaPlot (Systat Software, Inc., San Jose CA, USA).

Cell cycle analysis {#s0004-0009}
-------------------

For the cell cycle analysis, the cells were treated, followed by 2 washes and replating of the cells in DFM. After 3, 5, and 7 d in DFM, the cells were harvested and fixed in 70% ice-cold ethanol (v/v in PBS) for at least 2 h. The fixed cells were washed with PBS and marked with a solution containing 50 μg/ml propidium iodide (PI), 0.1% Triton X-100 (Life Technologies, HFH-10) and 50 μg/mL RNAse (Life Technologies, 12091--039) for 30 min in the dark at room temperature. The marked cells were analyzed using the flow cytometer GUAVA EasyCyte software to evaluate the DNA content of the cells and the cell cycle distribution of the samples. To separate the singlets from the doublets, we plotted our data in a graph of red fluor PI (propidium Iodide)-area *per* red fluor (PI)-width. Thus, after a first gate of cells in a graph of forward scatter by side scatter to remove cell debris and cell death, we eliminated the cells with a high PtdIns-width (i.e., the doublets) and only the singlets were evaluated for the cell cycle determination ([**Fig. 1C**](#f0001){ref-type="fig"}).

Measurement of ATP intracellular levels {#s0004-0010}
---------------------------------------

The intracellular ATP levels were measured using the ATP determination kit (Molecular Probes, Invitrogen, A22066). Briefly, the cells were lysed on ice with TE buffer (100 mM Tris, 4 mM EDTA, pH 7.5), and the samples were heated at 95°C for 7 min, followed by centrifugation at 17,200 g for 3 min. The supernatant fraction was used to measure the intracellular ATP levels according to the manufacturer\'s instructions. The intracellular ATP levels were determined based on an ATP standard curve (1 nM to 1 mM). The total protein amount of the samples was measured with a BCA kit assay to normalize the samples.

Single-cell analysis {#s0004-0011}
--------------------

For the single-cell analysis, the cells were treated with TMZ 100 μM for 3 h, followed by 2 washes and replating of the cells at a density of 1 × 10^4^ cells per well in a 12-well plate. The same fields were photographed every 12 h, guided by a line on the external surface of the plate. The images obtained were visible with green fluorescence from D3 until D4.5. After, the cell area, the nuclear area and the GFP-LC3 area were determined using Image Pro Plus 6.0 software. For [**Fig. 3D**](#f0003){ref-type="fig"}, we separated the intervals of the analysis (i.e., from D3 to 3.5, from D3.5 to 4 and from D4 to 4.5) and converted the initial value of the cell, nuclear and GFP-LC3 areas to 1. Then, we calculated the values of the interval endpoint in relation to 1. For [**Fig. 4B and 4C**](#f0004){ref-type="fig"}, we converted the values as relative to D3, which was considered to be 1.

Statistical analysis {#s0004-0012}
--------------------

The statistical analysis was conducted using TTEST for single comparisons or ANOVA followed by the Student-Newman-Kleus test for multiple comparisons of at least 3 independent experiments; a '*P*' value less than 0.05 was considered significant. A correlation analysis was conducted using the Pearson correlation with Microsoft Excel or PASW Statistics 18.
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